The identification of host factors involved in virus replication is important to understand virus life cycles better. Accordingly, we sought host factors that interact with the influenza viral nonstructural protein 2 by using coimmunoprecipitation followed by mass spectrometry. Among proteins associating with nonstructural protein 2, we focused on the β subunit of the F1Fo-ATPase, which received a high probability score in our mass spectrometry analysis. The siRNA-mediated down-regulation of the β subunit of the F1Fo-ATPase reduced influenza virion formation and virus growth in cell culture. We further found that efficient influenza virion formation requires the ATPase activity of F1Fo-ATPase and that plasma membrane-associated, but not mitochondrial, F1Fo-ATPase is important for influenza virion formation and budding. Hence, our data identify plasma membrane-associated F1Fo-ATPase as a critical host factor for efficient influenza virus replication.
proteomics | host-virus interaction T he viral replication cycle starts with the virus binding to cellsurface receptors. The virus then is internalized, its genome and proteins are produced and assembled, and finally progeny virions are released. During the last step of the influenza virus life cycle, viral structural components assemble at and bud from the lipid raft microdomain of the plasma membrane (1, 2) . At this assembly step the viral envelope proteins HA and neuraminidase (NA) are transported to the plasma membrane and associate with the lipid raft microdomain (2, 3) . The matrix protein, M1, a non-raft-associated protein by itself, interacts with HA and NA underneath the plasma membrane, resulting in the association of M1 with the lipid raft (3) . M1 also associates with viral ribonucleoprotein (vRNP) (4) , which comprises three polymerase subunits (PB2, PB1, and PA), nucleoprotein (NP), and viral RNA (5) . Thus, M1 probably forms a bridge between the envelope proteins and vRNP at the lipid raft budding site. Another envelope protein, M2, is not targeted to the lipid raft but localizes to the periphery of the lipid raft patches that contain HA and NA (6) . Although M1 induces the formation of virus-like particles (VLPs) by itself (3, 7, 8) , and M2 mediates membrane scission (bud release) (9) , the mechanism of influenza virus budding remains largely unknown.
The viral nonstructural protein 2 (NS2) affects viral genome transcription/replication (10) , is critical for the nuclear export of vRNP complexes (11) , and also may play a role during the later stages of the viral life cycle; currently, NS2 is not known to be involved in virus budding. Here, we attempted to identify NS2-interacting host proteins by using coimmunoprecipitation and mass spectrometry analysis. Of the NS2-interacting proteins we identified, we focused on the β subunit of the F1Fo-ATPase (F1β) in which the ATPase activity resides and found that it is critical for efficient influenza virion formation/budding.
Results
Mass Spectrometry Analysis of Host Proteins Coprecipitated with NS2. To identify host proteins that interact with NS2, we conducted FLAG-tag-based immunoprecipitation with cell lysates of HEK 293 cells expressing either N-or C-terminally FLAGtagged NS2 (NS2NF or NS2CF, respectively) and analyzed the coimmunoprecipitated host proteins by mass spectrometry. We first confirmed that the FLAG-tagged NS2s retained the functions of wild-type NS2 [i.e., inhibiting viral gene transcription and replication (10) and supporting vRNP nuclear export (11) ] as shown in Fig. S1 A and B.
Plasmids expressing NS2NF or NS2CF then were transfected into HEK 293 cells. Twenty-four hours later, cell lysates were prepared, immunoprecipitated with an anti-FLAG antibody, and subjected to SDS/PAGE followed by silver staining (Fig. S1C) . Multiple proteins were precipitated with the tagged NS2s but were not detected in lysates of cells transfected with an empty vector. For these NS2-interacting proteins, we conducted mass spectrometry and identified a total of 37 proteins; 12 proteins were common to both NS2NF and NS2CF, 19 coprecipitated only with NS2NF, and six coprecipitated only with NS2CF (Fig.  S1D and Tables S1 and S2 ).
F1β
Interacts with Viral NS2 and Is Important for Influenza Virus Replication. Among the host proteins that coimmunoprecipitated with NS2NF and NS2CF, the α and β subunits (F1α and F1β, respectively) of the F1Fo-ATPase exhibited a high probability-based Mowse score (Tables S1 and S2 ). The F1Fo-ATPase, which consists of a catalytic portion (F1) and a proton channel (Fo) (Fig. 1A) , is a bifunctional enzyme complex found in the inner membrane of mitochondria and in the plasma membrane of mammalian cells (12) . This enzyme forms a proton gradient across the membrane by hydrolyzing ATP as an AAA-type ATPase or synthesizing it (12) . The F1 portion consists of five subunits (α, β, γ, δ, and ε), and the membrane-spanning Fo portion has nine subunits (Fig. 1A) .
We first tested whether F1β and F1α interact with NS2. The endogenous F1α and F1β subunits of the F1Fo-ATPase were coimmunoprecipitated with NS2 (Fig. 1B) . To understand the biological significance of these interactions, we down-regulated F1α and F1β with siRNA targeted to each gene. siRNA-mediated down-regulation of the F1α and F1β genes reduced the expression of both factors (Fig. S2A ). siRNA-treated cells then were infected with an influenza virus [A/WSN/33 (H1N1) (WSN)] or vesicular stomatitis virus (VSV) at a multiplicity of infection (MOI) of 0.05. Cells treated with GFP siRNA or siRNA of viral genes [NP for influenza virus, the large polymerase protein (L) for VSV] served as controls. Forty-eight hours (for influenza virus) or 24 h (for VSV) after infection, supernatants of infected cells were harvested to determine virus titers. Down-regulation of F1β expression significantly reduced the replication of influenza virus by more than two log units (P < 0.05) (Fig. 1C) . Downregulation of F1α expression also inhibited influenza virus replication significantly, although to a lesser extent than did downregulation of F1β (P < 0.05) (Fig. 1C) . By contrast, F1α or F1β siRNA did not affect VSV replication appreciably (Fig. 1C) . The reduction in influenza virus growth was not caused by toxicity of the siRNAs, as assessed in cell-viability assays (Fig. S2B) . To confirm that the reduction in viral growth was truly caused by F1β depletion, we next overexpressed F1β in F1β-depleted cells by using a protein expression plasmid with 11 silent mutations at the siRNA target site that rendered the gene resistant to RNA interference. Although the endogenous F1β was down-regulated by siRNA treatment, when F1β was exogenously overexpressed by the plasmid for the expression of siRNA-resistant F1βCM (c-Myc-tagged wild-type F1β), expression of exogenous F1β was not affected by siRNA treatment (Fig. S2C) . Under this condition, virus growth in F1β-depleted cells was restored by the expression of siRNA-resistant F1βCM (compare siF1β+F1βCM and siF1β +Vector in Fig. S2D ) to a level similar to that achieved with GFP siRNA treatment with or without F1βCM expression (compare siGFP+F1βCM and siGFP+Vector in Fig. S2D ). These results suggest that efficient influenza viral replication in mammalian cells requires F1Fo-ATPase and in particular the β subunit.
Plasma Membrane-Associated F1β Is Important for the Influenza Virus Life Cycle. In mammalian cells, F1β is found mainly in mitochondria (13) but also at the plasma membrane (especially lipid rafts) (14) (15) (16) . We confirmed these findings by carrying out immunofluorescence microscopy and a cell-fractionation assay ( Fig. S3 A-C) .
To determine whether mitochondrial and/or plasma membrane-associated F1β is important for influenza virus replication, we examined the effect of F1β siRNA on the reduction of this protein at both locations. HEK 293 cells were treated with F1β siRNA or GFP siRNA (control) and 48 h later were fixed with paraformaldehyde. The cells then were treated with or without 0.2% TritonX-100 and were examined by immunofluorescence microscopy. In nonpermeabilized HEK 293 cells treated with GFP siRNA, F1β was detected on the cell surface in a punctate staining pattern (Fig. 1D, Upper) , a staining pattern typical of F1β on the plasma membrane (Fig. S3A , Triton X-100 −) (17) . Treatment of cells with F1β siRNA appreciably reduced the number of cells that expressed F1β on their surface (Fig. 1D , Lower). Although F1β surface expression levels were affected by F1β siRNA, F1β in mitochondria remained unaffected by F1β siRNA (Fig. 1E ). In addition, we carried out a cell-fractionation experiment and found that F1β siRNA substantially reduced the amount of lipid raft-associated F1β compared with control cells (Fig. 1F) . By contrast, F1β siRNA had a less pronounced effect on mitochondrial F1β levels (Fig. 1F) . We also showed that NS2 was not detected in the mitochondrial fraction (Fig. S3D) . Furthermore, using confocal microscopy, we examined whether NS2 and F1β colocalized at the plasma membrane. To identify the plasma membrane, we first used fluorescence-labeled cholera toxin B subunit (CTB), which binds to GM1 ganglioside on cell membrane lipid rafts, and confirmed that CTB was detected on the plasma membrane under nonpermeabilized conditions (Fig.  1G, Top, CTB) . In the same cell, F1β was detected in the areas where CTB was detected (Fig. 1G, Top, F1β) , suggesting that F1β detected under these conditions is associated with the plasma membrane. Under the same nonpermeabilized conditions, NS2 was colocalized with F1β (Fig. 1G , Middle and Bottom), suggesting that NS2 associates with the plasma membrane-associated F1β. Together, these results indicate that treatment with F1β siRNA reduces the expression levels of plasma membrane-associated F1β more efficiently than those of mitochondrial F1β, perhaps because of a difference in half-lives between the membrane-associated and mitochondrial F1β pools, and that NS2 interacts with plasma membrane-associated F1β.
Plasma membrane-associated F1β could be located on the cell exterior (Fig. 1A and Fig. S3A ), whereas NS2 resides intracellularly in the nucleus and cytoplasm. Therefore, F1β and NS2 should not interact directly across the plasma membrane. We therefore tested whether the membrane-spanning A, B, and C subunits of the Fo portion of the F1Fo-ATPase (FoA, FoB, and FoC, respectively) (Fig. 1A) , which is thought to possess a cytoplasmic region, interact with NS2. We found that FoB mediates the interaction between F1β and NS2 and is important for virus growth (see details in SI Results and Fig. S4 A-E) . Taken together, our data suggest that NS2 is associated indirectly with plasma membrane-associated F1β by binding to FoB and that the F1Fo-ATPase is important for efficient influenza virus replication.
Virion Formation/Budding of Influenza Virus Particles Is Reduced in
F1β-Depleted Cells. The interaction of NS2 with plasma membrane-associated F1β suggested a role for F1β during the late steps of the influenza virus life cycle at the plasma membrane. Nonetheless, we examined other steps of the virus life cycle at which F1β might be involved. We tested whether down-regulation of F1β expression affected viral genome replication, viral protein expression, and transport of viral membrane proteins and showed that F1β is not involved in any of these steps (see details in SI Results and Fig. S5 A-D) , suggesting that plasma membrane-associated F1β may be critical for budding in the viral life cycle. ATP is required for influenza virus budding (18) , and some viruses such as HIV and Ebola virus use the host AAAtype ATPase Vps4 for virion budding from cells (19, 20) . However, influenza virus budding does not depend on Vps4 (21, 22) . These observations suggest that F1β at the plasma membrane could be an ATPase required for influenza virus budding. Therefore, we examined whether down-regulation of F1β expression affected virion formation and/or budding. Cells were treated with F1β siRNA or GFP siRNA (control) and were infected with influenza virus in one-step growth at a high MOI. At various time points after virus infection, culture supernatants were harvested and virions were pelleted by ultracentrifugation through a 25% sucrose cushion. Virus particles were subjected to Western blot analysis to assess the quantity of M1. In parallel, cell lysates were assessed for M1 expression. The M1 levels in cell lysates were similar for F1β-down-regulated and control cells (Fig. 2A) ; by contrast, the M1 levels in culture supernatants from F1β-down-regulated cells were significantly lower than those in control cells (P < 0.05, P < 0.01) (Fig. 2 A and B) , indicating that virion release was affected by down-regulation of F1β. In fact, the level of infectious virus in the supernatants at 12 h postinfection (hpi) was decreased significantly by F1β siRNA (P < 0.05) (Fig. S5E) . Similarly, in the same supernatants, the number of HA units was decreased (Fig. S5F) , indicating that F1β is important for virion formation.
We then attempted to visualize the effect of F1β on virion formation. To this end, siRNA-treated and virus-infected cells were evaluated by scanning electron microscopy. Fewer virions were observed on the surface of cells treated with F1β siRNA than on the surface of cells treated with GFP siRNA (P < 0.01) (Fig. 2 C and D) . Taken together, these results suggest a role for F1β in influenza virion formation/budding.
To examine further whether F1β is important for virion formation, we tested VLP formation by expressing viral proteins from plasmids with or without F1β siRNA treatment. Without siRNA treatment, we found that M1 alone induced VLPs (Fig.  2E, lane 1) and that NS2 enhanced M1-induced VLP production (Fig. 2E, lane 3) , indicating a role for NS2 in virion formation. Similar enhancement of VLP production by NS2 was observed when HA and NA were expressed in addition to M1 (Fig. 2F,  lanes 1 and 3) . However, the amount of VLPs was reduced by down-regulation of F1β (compare lanes 2 and 4 with lanes 1 and 3 in Fig. 2E and lanes 2 and 4 compared with lanes 1 and 3 in Fig.  2F ). These results strongly suggest that F1β is important for virion formation/budding of influenza virus.
F1β is Present at the Bottom Edge of Budding Virions at the Plasma
Membrane. Our data suggested that F1β is involved in the virion formation/budding steps of the influenza virus life cycle. Therefore, we attempted to identify the location of F1β in budding virions. Using immunoelectron-microscopic analysis with an anti-F1β antibody, we found F1β only at the highly curved bottom edge of the virions (Fig. 2G) . In addition, F1β was detected in areas where no budding virions were observed (Fig. 2H) .
ATPase Activity of F1β Is Required for Release of Influenza Virus from Cells. Next, we examined the requirement for the ATPase activity of F1Fo-ATPase in influenza virus replication. We first established a dominant-negative form of F1β [which bears the ATPase activity of F1Fo-ATPase (12)] by introducing a point mutation in the conserved ATP-binding motif (K212Q), as described for other AAA-type ATPases (19) . C-terminally c-Myc-tagged wild-type F1β (F1βCM) or F1βK212Q (F1βK212QCM) proteins were expressed in HEK 293 cells, immune-purified with an anti-c-Myc antibody (Fig. S6A) , and tested in an in vitro assay (Fig. S6B) . As expected, F1βCM exhibited ATPase activity, whereas F1βK212QCM lost this ability. After confirming the functionality of the c-Myc-tagged F1β proteins, we used these constructs to establish HEK 293 cell lines stably expressing the recombinant F1β proteins (Fig.  S6C) . Expression of dominant-negative, ATPase-deficient F1β, F1βK212QCM, did not affect viral genome replication, as measured by the minigenome assay, or protein expression and/or entry ( Fig. S6 D and E) . However, growth of influenza viruses (not only WSN, but also a 2009 pandemic influenza virus and an influenza B virus) was attenuated significantly in cells expressing F1β that lacked ATPase activity (Fig. 3A and Fig. S6 F and G) . By contrast, VSV titers were not affected by the lack of functional F1Fo-ATPase (Fig. 3A) . These finding indicate that the ATPase activity of F1Fo-ATPase is critical for efficient influenza virus replication. Finally, to test whether the ATPase activity of F1β is critical for the efficient formation/release of influenza virions, we transfected HEK 293 cells with plasmids expressing M1, HA, and NA (for VLP formation) together with a plasmid expressing F1βCM or F1βK212QCM or with an empty vector. We then compared the amounts of VLPs in the culture supernatant by Western blot analysis with an antibody to M1 (Fig. 3B) . Overexpression of functional F1Fo-ATPase enhanced VLP formation to 119% of the control, whereas overexpression of the ATPase-deficient mutant reduced VLP formation to 54.7% of the control (Fig. 3B) .
Collectively, our data suggest that the cellular F1Fo-ATPase, specifically the ATPase activity of the F1β subunit, plays an important role in efficient influenza virion formation and/or budding.
Discussion
Genome-wide screens of host genes and other studies have identified host factors that are involved in the influenza virus life cycle (23) (24) (25) (26) (27) . However, the host factors involved in influenza virus assembly and budding remain largely unknown. Here, we demonstrated that the plasma membrane-associated, but not mitochondrial, F1Fo-ATPase, which initially was identified through its interaction with NS2, is important for influenza virion formation/budding.
ATPase activity is required for the budding of several viruses (28) . The AAA-type ATPase Vps4, which is used by several viruses for budding, is not critical for influenza virus budding (21, 22) . Here, we demonstrated that another AAA-type ATPase, F1Fo-ATPase, plays an important role in influenza virion formation/budding. Dependence on ATPase activity for influenza virus budding is supported further by another study that used ATP synthesis inhibitors and analogs (18) . However, the enzyme that catalyzes ATP hydrolysis for virus budding was not identified. Together, these findings suggest that ATP hydrolysis plays an important role in the late step of many, if not all, virus life cycles.
Although NS2 is known to exist inside the cell, we detected it under nonpermeabilized conditions. A similar finding was made for the cytoplasmic region of amnionless, an apical membrane protein, which also was detected even under nonpermeabilized conditions (29) . In our experiments, localization of both NS2 and F1β under permeabilized conditions was dramatically different from that under nonpermeabilized conditions (compare Fig. S3E and Fig. 1G ). Although it is not clear why NS2 was detected under nonpermeabilized conditions, our findings suggest that this protein is associated with F1β at the plasma membrane (Fig. 1G) .
How does the F1Fo-ATPase contribute to influenza virus replication? Recent studies indicate that the plasma membraneassociated F1Fo-ATPase is involved in diverse activities, such as the regulation of lipid metabolism and immune recognition of tumors (30, 31) . Mitochondrial F1Fo-ATPase, which is located on the inner membrane of mitochondria (12) , dimerizes, and helical polymerization of the dimers induces membrane budding leading to cristae formation (32) . Tubular structures such as the mitochondrial cristae are not observed on the plasma membrane, even though the F1Fo-ATPase complex localizes at lipid raft microdomains on the plasma membrane (30) (31) (32) (33) ; however, the concentration of the F1Fo-ATPase complex at the plasma membrane may be too low to form helical polymers. M1 alone and M1 with HA and NA induced VLP formation, and the amount of VLPs was decreased by reducing F1β expression (Fig.  2 E and F) , suggesting the importance of F1β for VLP formation. In addition, NS2 enhanced VLP formation, and this enhancement also was decreased by down-regulation of F1β (Fig. 2 E and  F) . Thus, given that membrane budding leads to cristae formation in the mitochondria, these findings may indicate that the local density of the F1Fo-ATPase may increase in the presence of NS2, resulting in self-polymerization at the boundary of the lipid raft. As a result, F1Fo-ATPase may efficiently cause membrane curvature at the edge of budding virions (Fig. 2G) . Finally, at the scission step, M2 pinches off virions from the plasma membrane (9) . The mechanical energy and/or electrochemical gradient formed by ATP hydrolysis also may be needed for influenza virus budding from the plasma membrane.
Taken together, our findings indicate that the ATPase activity of F1Fo-ATPase is critical for efficient influenza virus budding. Further studies will be needed to understand better the role of this ATPase activity in virion formation and budding.
Materials and Methods
The mass spectrometry analysis was performed using Q-STAR Elite (AB SCIEX) coupled with Dina (KYA Technologies). Experiments using the virus were performed under BSL-2 conditions. Details of the cells, viruses, plasmids, statistical analysis, and other experimental procedures can be found in SI Materials and Methods.
